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Highlights: 25 

Valleys feeding the Eberswalde fan crosscut Holden impact crater ejecta blanket. 26 

Holden crater formation likely postdates the Early Hesperian. 27 

Modeling shows Eberswalde fan can form at a geologically rapid rate. 28 

The role of Holden crater in Eberswalde fluvial activity is highlighted. 29 
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 30 

Abstract 31 

 32 

The fan deposit in Eberswalde Crater has been interpreted as strong evidence for sustained 33 

liquid water on early Mars with a paleolake formed during the Noachian period (>3.7 Gy). 34 

This location became a key region for understanding the Mars paleo-environment. 35 

Eberswalde crater is located 50 km north of the rim of the 150 km diameter crater Holden. 36 

Stratigraphic relationships and chronology obtained using recent Mars Express High 37 

Resolution Stereo Camera and Mars Reconnaissance Orbiter Context Camera images show 38 

that Eberswalde fluvial activity crosscuts Holden ejecta and thus postdates Holden crater, 39 

whose formation age is estimated from crater counts as Late Hesperian (~3.5 Gy, depending 40 

on models). Fluvial modeling shows that short term activity (over several years to hundreds 41 

of years) involving dense flows (with sediment:water ratio between 0.01 and 0.3) may be as 42 

good an explanation of the fluvial landforms as dilute flow over longer durations. Modeling of 43 

the thermal effect of the Holden impact in the Eberswalde watershed is used to evaluate its 44 

potential role in aqueous activity. The relative timing of the Holden impact and Eberswalde’s 45 

fan is a constraint for future studies about the origin of these landforms. Holden ejecta form a 46 

weak and porous substrate, which may be easy to erode by fluvial incision. In a cold climate 47 

scenario, impact heating could have produced runoff by melting snow or ground ice. Any 48 

attempt to model fluvial activity at Eberswalde should take into account that it may have 49 

formed as late as in the Late Hesperian, after the great majority of valley network formation 50 

and aqueous mineralization on Mars. This suggests that hypotheses for fan formation at 51 

Eberswalde by transient and/or localized processes (i.e. impact, volcanism, unusual orbital 52 

forcing) should be considered on a par with globally warmer climate. 53 

 54 



  

4 

 

 55 

 56 

1. Introduction 57 

The discovery of a partially eroded fan deposit in Eberswalde Crater, north of the Holden 58 

crater has been interpreted as strong evidence for sustained liquid water on early Mars 59 

(Malin and Edgett, 2003). This fan is usually interpreted as a delta formed in a standing body 60 

of water (Malin and Edgett, 2003, Moore et al., 2003, Wood et al., 2006, Lewis and 61 

Aharonson, 2006, Pondrelli et al., 2008, Rice et al., 2011). Eberswalde crater is located 50 62 

km north of the 150 km diameter crater Holden (Fig. 1). The latter shows various fluvial 63 

landforms too, including alluvial fans - as observed in many southern hemisphere large 64 

craters (Cabrol and Grin, 1999, Moore and Howard, 2005, Kraal et al., 2008a, Grant and 65 

Wilson, 2011) - and layered sediments that may correspond to a period of lacustrine 66 

deposition during the Noachian period (Grant et al., 2008). Both craters could thus represent 67 

a region in which early Mars fluvial and lacustrine activity is well-preserved. Locations on the 68 

floors of both craters were among the final four candidate locations for the Mars Science 69 

Laboratory landing site for this reason (Grant et al., 2010). 70 

 71 

However, the processes and timescale for fluvial erosion and sedimentation at 72 

Eberswalde crater are actively debated. Alternatives to the delta theory include alluvial fan 73 

progradation onto a dry crater floor (Jerolmack et al., 2004), or emplacement as a dense 74 

viscous flow (Kraal and Postma, 2008).  The time scales associated with these mechanisms 75 

range from a few years (Jerolmack et al., 2004) to >100,000 years (Bhattacharya et al., 76 

2005). It remains unclear whether deposition of the fan occurred into standing water or not, 77 

and hydrologic modeling (Jerolmack et al., 2004) suggests deposition need not have 78 

persisted as long as originally inferred (e.g., Moore et al., 2003). Jerolmack et al. (2004) 79 
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proposed a link between the formation of Holden crater and the fluvio-lacustrine activity at 80 

Eberswalde, but no observations were ever made to link these processes together. 81 

 82 

In the present study, we use new data from the High Resolution Stereo Camera (HRSC, 83 

Neukum et al., 2004) onboard Mars Express, and the Context Camera (CTX, Malin et al., 84 

2007) and the High Resolution Imaging Science Experiment (HiRISE, Mc Ewen et al., 2007) 85 

onboard Mars Reconnaissance Orbiter, to:- (1) establish the relative stratigraphic 86 

relationships between Holden ejecta, Eberswalde fluvial landforms and other regional 87 

landforms; (2) constrain the absolute chronology of these processes using crater counts; (3) 88 

study the hydrology of the Eberswalde catchment using new HRSC Digital Elevation Models 89 

(DEMs) and analyze implications for the stratigraphy; (4) finally, discuss formation 90 

hypotheses (a globally warmer climate, or other processes) in light of the stratigraphic 91 

constraints. Our observations show that the valleys feeding Eberswalde’s fan delta crosscut 92 

Holden ejecta, thus post-dating Holden crater formation, while Holden’s age is estimated as 93 

being Hesperian on the basis of crater counts. Our results show that mapping and detection 94 

of ancient crater ejecta can be a powerful tool in identifying cross-cutting relationships 95 

between ancient fluvial landforms and determining their age. 96 

 97 

2. Data and Methods 98 

The data used for this study consist of  HRSC images (Neukum and Jaumann, 2004), 99 

Mars Global Surveyor (MGS) Mars Observer Camera (MOC) images (Malin et al., 1998), 100 

Mars Reconnaissance Orbiter’s (MRO) High Resolution Imaging System (HiRISE) images 101 

(McEwen et al., 2007), and Context camera (CTX) images (Malin et al., 2007). In particular, 102 

we used HRSC images #4310 and #7233, with nadir resolutions of 15 m.pixel-1 and 25 103 

m.pixel-1, respectively, for a thorough study of the morphology and geometry of the valleys 104 

and detailed mapping. Regional maps and mosaics in sinusoidal projection are centered at 105 

325°E longitude. 106 
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 107 

We used two triplets of HRSC images acquired on orbit #4310 and orbit #7233 to 108 

generate two HRSC DEMs (Digital Elevation Models) using the DLR Berlin tools developed 109 

for the Mars Express mission (Scholten et al., 2005; Gwinner et al., 2007) and successfully 110 

applied to martian valley networks (Ansan et al., 2008, Mangold et al., 2008). Each image 111 

triplet consists of a nadir and two stereo images. The altimetric points extracted from these 112 

triplets have been projected onto the Mars datum (Duxbury et al., 2002) using a sinusoidal 113 

projection at a spatial gridding of 60 m. A total of 2601473 tie points were detected on whole 114 

area covered by the image triplet #7233, using 3D coordinates that have a spatial accuracy 115 

of σx=8.3 m, σy=6.0 m and σz=5.5 m, implying a statistical height error of ~7 m for each 116 

point. A total of 7995029 tie points were detected on the area covered by the image triplet 117 

#4310, using 3D coordinates that have a spatial accuracy  of σx=12.8 m, σy=9.5 m and σz=8 118 

m, implying a statistical height error of ~10 m for each point. Regional topography was 119 

analyzed using the 1/128 degree Mars Observer Laser Altimeter (MOLA) gridded data (Smith 120 

et al., 1999).  121 

 122 

A hydrologic analysis system, DNR hydromod, included in ArcView GIS (Loesch, 2001), 123 

was used to extract valley networks automatically from the DEMs. Automatic detection is 124 

mainly used for comparison between datasets, rather than as an independent valley-125 

mapping technique. The automatic detection of valleys in DEMs always requires visual 126 

checking to confirm the presence of valleys in the images. The DNR hydromod algorithm has 127 

three steps: (1) the original topography (DEM) is modified, removing sinks to produce a 128 

continuous flow direction grid. This step is very important because sinks like pits or impact 129 

craters disrupt the drainage topography; (2) a flow direction grid is calculated where the 130 

steepest downslope direction is recognized from each cell to the eight neighboring cells (D8 131 

algorithm); and (3) a flow accumulation grid is generated as the cumulative number of cells 132 

flowing into each downslope cell. Cells that have high flow accumulation may be used to 133 
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identify stream channels. This software therefore permits one to deduce the probable 134 

location of past stream flow based on the current topography. 135 

 136 

Craters for chronology were counted and measured in a geographic information system 137 

(GIS) using sinusoidal projection. Crater statistics used isochrons developed for Mars 138 

(Hartmann and Neukum, 2001) and isochron-fitting tools developed by Michael and Neukum 139 

(2010). 140 

  141 

 142 

 143 

3. Identification, mapping and stratigraphy of Holden ejecta  144 

 145 

3.1 Ejecta blanket boundaries  146 

Detailed mapping of Holden ejecta was done for the region north and west of Holden, 147 

where Eberswalde crater is located (Fig. 2). Grooves, rays, terminal lobes and megabreccias 148 

formed by the cratering process were used to determine Holden ejecta boundaries. 149 

Megabreccias contain coarse blocks of varied size, shape and composition that are ejected 150 

by impacts. They are distinguished from coarse-grained sediments by their lack of 151 

organization and poor sorting. Megabreccias are frequently observed in central peaks and 152 

ejecta of large craters on Mars (Mc Ewen et al., 2007, 2009, Grant et al., 2008). Although a 153 

map of Holden ejecta was produced using Viking data (Grant 1987), higher resolution data 154 

permit a more detailed map to be compiled. Many breccia blocks surrounding Holden are 155 

visible in lower resolution images such as CTX and MOC (Fig.3). Only two HiRISE images 156 

show blocks at a higher resolution, and in color. Blocks are frequently lighter-toned than the 157 

surrounding matrix, allowing clear identification (Fig. 3). Size is highly variable from the limit 158 

of resolution to a maximum diameter of 100 m. Shape is variable from angular to rounded. 159 

Local outcrops inside Eberswalde depression display blocks locally >10 m (Fig. 3g), which 160 
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are likely too large to have been deposited by superimposed channel deposits. In color 161 

images, breccia blocks display various colors, as, for instance, in Fig. 3j where three blocks 162 

display three different colors. This suggests compositional diversity, as expected for crater 163 

ejecta. Breccias are found all around Holden, likely because they correspond to Holden 164 

impact ejecta. Given this extensive coverage centered on Holden crater, it is unlikely that all 165 

these breccia would correspond to smaller crater ejecta or local sedimentary breccia. South 166 

of Holden, terrains are more homogeneous and breccias are much more difficult to identify, 167 

likely due to the presence of the mid-latitude ice-bearing mantle that exists poleward of 25° in 168 

the southern hemisphere (e.g., Mustard et al., 2001). 169 

In addition to breccia, grooves and rays within the ejecta blanket are detected by 170 

identifying lineations radial to Holden’s center (Fig. 2). Terminal lobes are often difficult to 171 

identify around large craters compared to mid-sized craters with well-developed lobate ejecta 172 

(Carr et al., 1977, Mouginis-Mark, 1987, Costard, 1989, Barlow, 1990, 1994, Baratoux et al., 173 

2002, 2005). The boundary between continuous ejecta and discontinuous ejecta in Figure 2 174 

is identified by the increase in secondaries (and rays formed by secondaries) compared to 175 

sparse or inexistent secondaries where breccias are well identified (Fig. 3). This transition 176 

occurs 70-100 km beyond Holden’s rim (2-2.5 crater radii R from Holden’s center). Smaller 177 

craters on Mars (10 to 100 km in diameter) can have ejecta blankets extending more than 3R 178 

from the center (Barlow, 1994). Empirical relations from lunar data indicate an average 179 

extent of the continuous ejecta blanket of 2.3R±0.5R for a crater of Holden’s diameter 180 

(Melosh, 1989). A continuous ejecta blanket extending 2R to 2.5R from the crater rim is 181 

therefore consistent with our knowledge of how craters form. The Eberswalde sedimentary 182 

deposits and associated feeder channels are within 2R of Holden, so are likely within the 183 

continuous ejecta blanket of Holden (Fig. 2). 184 

 185 

3.2 Crosscutting relationships between Holden ejecta and Eberswalde valleys 186 
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 187 

Figs. 3 and 4 show three close-ups of MOC and HiRISE images along the main 188 

tributary leading to the Eberswalde fan. The valley is filled by aeolian material distributed in 189 

transverse ripples and dunes that hide bedrock. The valley sides expose cohesive bedrock 190 

containing blocks that are several meters to several tens of meters wide and usually lighter-191 

toned than the finer material surrounding them, indicating this valley is incised into brecciated 192 

bedrock. This breccia is similar to that observed all around Holden’s northern rim, and is 193 

mapped as part of the Holden continuous ejecta blanket. At the location of Figure 4c, the 194 

valley depth reaches 150 m (MOLA data) with the breccia exposed along the entire wall of 195 

the scarp. This gives a sense of the volume of material in the continuous ejecta blanket near 196 

the location of the valley outlet, just 50 km north of the Holden rim. 197 

Empirical scaling laws for ejecta thickness estimated from explosion experiments and 198 

from lunar data express the ejecta blanket thickness H as a power law decaying with 199 

distance from the crater center r as (Mc Getchin et al., 1973): 200 

H=0.14R0.74 (r/R)-3      (1) 201 

This relation was preferred to Martian empirical laws (e.g., Garvin and Frawley, 1998) 202 

that used craters more or less degraded by glacial and atmospheric activity in the northern 203 

plains. Using equation (1), we find the expected ejecta thickness for a 75 km radius crater 204 

would be ~125 m at 50 km from the rim (as in Figure 4c). This thickness is consistent with 205 

our local interpretation of the location of continuous ejecta suggesting post-Holden erosion 206 

was insufficient to remove much material from the ejecta blanket, except by individual valley 207 

incision. Note that the thickness decreases strongly with increasing distance from Holden’s 208 

rim: the relation predicts a decrease from ~240 m at 25 km from the rim to ~70 m at 75 km 209 

from the rim (2R).  210 

 211 

3.3  Crosscutting relationships between Holden ejecta and other fluvial valleys 212 
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 213 

Holden secondaries can be observed >300 km from Holden’s rim (Fig. 2). 214 

Secondaries are usually identifiable as butterfly-shaped and elongated craters, frequently 215 

with small crater chains. If elongated, their long axis is always radial to Holden center. 216 

Several examples show that Holden secondaries overprint valley networks. This is visible 217 

150 to 300 km north of Holden where well-developed valley networks are crosscut by a 218 

crater chain (Fig. 5a). These networks do not connect with valleys breaching Eberswalde 219 

crater. Just south of this example, Arda Valles are also superposed by a few elliptical craters: 220 

two of these are 2 km across (minor axis) (Fig. 5b). None of these secondaries display 221 

obvious erosion by fluvial activity or other indicators of reactivation of the fluvial valleys after 222 

these small impacts formed. If fluvial activity occurred in Arda Valles after these secondaries, 223 

it must have been limited in amplitude to explain the overall lack of late incision.  The 224 

geomorphic style of deeply incised and regionally integrated incision of Arda Valles and the 225 

valleys north to them is comparable to classical highland valley networks that are dated as 226 

Late Noachian - Earliest Hesperian (e.g. Fassett and Head, 2008). 227 

To the north-east of Holden, Ladon Vallis is a ~40-50 km wide channel that is part of the 228 

Uzboi-Ladon-Morava (ULM) system of outflow channels that may have connected Argyre to 229 

Chryse Planitia (Grant and Parker, 2002). A secondary crater chain is superposed on 230 

terraces of Ladon Vallis (Fig. 5c). Ladon Vallis is suspected to be Late Noachian - Early 231 

Hesperian (Grant and Parker, 2002), possibly extending later well into the Hesperian (e.g., 232 

Grant et al., 2008). Thus, the crosscutting relationship between Holden secondaries and 233 

Ladon Vallis would imply an even younger age for Holden crater than the two previous 234 

examples with valley networks. 235 

 236 

4. Chronology from crater densities 237 

 238 
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Crosscutting relationships show that Holden ejecta postdate most Late Noachian valley 239 

networks, but predate those leading to Eberwalde depositional fans. Dating the Holden 240 

impact more precisely would then constrain the absolute timing of these processes - in 241 

particular, a maximum age for Eberswalde fluvial and lacustrine activity. Crater counts were 242 

carried out on the northern ejecta blanket and on the interior of Holden (Fig. 6). For the 243 

northern ejecta blanket, the area on which craters are counted corresponds approximately to 244 

the area of the continuous ejecta blanket as mapped in Figure 2. A slightly larger area was 245 

used for counting craters inside Holden (Fig. 6), where only craters >1 km were counted in 246 

order to limit crater removal due to resurfacing by sedimentary filling.  247 

First, we can use the Tanaka method (Tanaka, 1986, Werner and Tanaka, 2011) to 248 

determine epochs from the cumulative number of craters of more than 1 and 2 km, i.e. N(1) 249 

and N(2). The N(5) would be vulnerable to Poisson noise because of the low number of 250 

craters. We obtain N(2)=382±171 craters/106km2 for the ejecta blanket  and N(2)=610±184 251 

craters/106km2 for the interior of Holden. Uncertainties are large because of the low number 252 

of craters, but the estimates overlap for N(2) in the range 450 and 550 craters/106km2. This 253 

N(2) corresponds to a Late Hesperian age based on the stratigraphy of Werner and Tanaka 254 

(2011) (Table 1). Even assuming the N(2) of Holden’s interior is more reliable because of the 255 

greater number of craters, the age found is shortly after the Early-Late Hesperian boundary. 256 

The new stratigraphy proposed by Werner and Tanaka (2011) also enables us to use the 257 

frequency of craters >1 km diameter for dating. With 25 craters >1 km for Holden ejecta we 258 

obtain N(1) = 1913±383 craters/106km2 and with 23 craters on Holden’s floor we obtain 259 

N(1)=1277±266 craters/106km2 for Holden interior. In contrast to the N(2), the latter value is 260 

now lower than that of ejecta, which may be a result of the stronger modification by eolian 261 

blanketing on Holden’s floor. According to this new timescale, the N(1) found for the ejecta of 262 

1913±383 craters/106km2 is close to the Late Hesperian/Early Amazonian boundary, and 263 

more consistent with an Early Amazonian age than a Late Hesperian age. 264 
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Applying Hartmann incremental plots (Hartmann and Neukum, 2001) to the ejecta 265 

blanket, the graphical age is found to be 3.2-3.4 Gy (Late Hesperian) considering only bins 266 

from 700 m to 5 km diameter (Fig. 6). Craters <700 m are undercounted due to erosion and 267 

infilling, explaining the shift to younger ages for this size bin (Fig. 6). Craters >2km are rare 268 

and suffer from Poisson noise. The largest craters in Holden interior are slightly 269 

overabundant (but with large error bars) relative to the isochron defined by smaller craters. 270 

To calculate Holden’s age, we exclude craters smaller than 1 km because of the major 271 

resurfacing inside Holden, and only use larger craters. The age of Holden crater using this 272 

technique is still consistent with an age slightly after the Early Hesperian - Late Hesperian 273 

boundary (~3.4 Gy in Hartmann scale, Tab. 1).  274 

A similar trend is shown using a Neukum cumulative plot based on Ivanov’s modeling 275 

(Ivanov, 2001, Michael and Neukum, 2010). Model ages of 3.45 Gy and 3.58 Gy are derived 276 

for ejecta and interior respectively, with standard deviation ~0.1 Gy (Fig. 6). Taking into 277 

account this error, these ages are consistent with an age of ~3.5 Gy, corresponding to a Late 278 

Hesperian age (Late/Hesperian boundary at 3.65 Gy in this model, see Table 1). Given 279 

uncertainties in these models as well as limitations due to small crater degradation, an age 280 

inside the Early Hesperian is not excluded. 281 

Most ages for Holden crater found by the different methods used postdate the Early 282 

Hesperian - Late Hesperian boundary when translating these ages in Tanaka scale (Tab. 1). 283 

The youngest age indicates an age slightly postdating the Late Hesperian - Early Amazonian 284 

boundary. Therefore, crater counts favor a formation of Holden crater in the Hesperian 285 

period, probably in the Late Hesperian. Eberswalde fluvial activity postdating Holden crater is 286 

therefore also this age, or even younger. This chronology is consistent with crosscutting 287 

relationships that placed Holden crater after the formation of main valley networks and after 288 

the Early Hesperian outflow channel Ladon Vallis. It is also consistent with recent crater 289 

counts made on alluvial fans in southern Margaritifer Terra including the Holden bajadas, 290 

which show Late Hesperian and Early Amazonian ages (Grant and Wilson, 2011).  291 
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 Determining whether or not Eberswalde fluvial activity occurred immediately after 292 

Holden impact is also important, especially for constraining possible links between the 293 

Holden impact and the Eberswalde fluvial activity. This requires finding, or not, a time gap 294 

between the two events, e.g. observing how many craters postdating Holden ejecta were cut 295 

by the fluvial activity later. This question is hard to resolve, even with high resolution imagery. 296 

We did not find a significant candidate population of small craters that definitively satisfy 297 

these conditions. For example, small craters truncated by valleys feeding into the main 298 

Eberswalde fan may have been affected by post-fluvial widening of the feeder valleys, not by 299 

the fluvial activity itself. A major problem is that aeolian infill and erosion occurring in the last 300 

3 Gy has modified fluvial landforms and small craters in the Eberswalde region.  301 

 A 16 km diameter crater on the NW rim (Bigbee Crater, marked “X” in Fig. 3a) is a 302 

candidate as it seems to impact Holden rims, and is eroded by Holden rim retreat associated 303 

with the deposition of the Holden bajada. As illustrated by the example of Ardas Valles (pre-304 

Holden) and the valleys sourcing the small fans in North Eberswalde, it is possible for 305 

spatially adjacent watersheds to be fluvially active at different times. In this case, fluvial 306 

activity at Holden could immediately postdate the Holden impact, but the Holden bajada 307 

would form (perhaps by a different mechanism) after a time gap. In addition, this crater when 308 

plotted on the crater count population (Fig. 6a, in red) appears out of the count like if its 309 

presence was statistically unlikely. No smaller craters exist that seem fluvially eroded in the 310 

same way as it should be the case in a statistical crater distribution. Thus, the fact that it is 311 

the single crater eroded like this questions its chronological relationship with Holden. For 312 

example, Bigbee may be an old crater not fully modified by Holden impact, explaining its 313 

shallow and non-circular shape, especially on its southern rim that is almost fully eroded. 314 

Lunar examples include the 180km-diameter Crater Tsiolkovskiy (20.1°S, 129.1°E, for 315 

example on the Apollo view AS15-M-0757), which has incompletely blanketed 20-30km 316 

diameter craters on its NE rim showing it is possible to partially preserve craters of the size of 317 

Bigbee so close to large craters. As a last alternative, Bigbee’s formation could have been 318 

coeval to Holden. Indeed, recent studies show that binary asteroids represent 1/6 of >300 m 319 
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large body among near earth asteroids (e.g., Pravec et al., 2006, Pravec et al., 2012). 320 

Observations at Venus surface confirm the accuracy of these estimations (Cook et al., 2003). 321 

Any moon must orbit well within the Hill sphere of the primary asteroid (Murray & Dermott, 322 

2000). The Hill sphere radius is R_Hill = a * (m/M)1/3 where a is semimajor axis of Mars, m is 323 

asteroid mass, and M is the solar mass (Murray & Dermott, 2000). Suppose the Holden 324 

impactor was 15 km diameter (typically 1/10 to 1/20 of the crater final diameter), with density 325 

3000 kg/m3. The Hill sphere radius at Mars’ orbit is then 3,000km and can comfortably 326 

accommodate the ~km-sized Bigbee impactor.  To solve the question of a time gap in future 327 

studies, a population of small craters predating and postdating should be identified to avoid 328 

poor statistics due to a unique impact. A systematic survey of small craters at Holden’s rim at 329 

HiRISE scale may give a beginning of an answer. 330 

 Rice et al. (2011) interpret lineations within Eberswalde Crater as faults due to 331 

regional tectonic activity, which would imply a time gap between floor deposits interpreted as 332 

Holden ejecta and lacustrine sediments on the Eberswalde floor. These lineations are 333 

interpreted in our study as part of the ejecta grooves surrounding Holden. Indeed, these 334 

lineations trend NNE inside Eberswalde, which corresponds to a direction radial to Holden 335 

crater. This NNE trend is not found outside Eberswalde, whereas additional lineations are 336 

found with other trends, always radial to Holden crater center, supporting the impact-groove 337 

interpretation. The interpretations of these lineations as faults may come from subsequent 338 

displacements along pre-existing scarps due to differential compaction under sediment (or 339 

ejecta) overburden; something frequently observed in terrestrial basins (e.g., Freeth and 340 

Ladipo, 1986). In addition, radial impact-related faults have been identified on Earth (e.g., 341 

Koeberl and Henkel, 2005).The fault and ejecta groove hypotheses are therefore not 342 

mutually exclusive. In our assessment, faults would not be related to any Tharsis stress as 343 

hypothesized by Rice et al. (2011), but local to the Holden region, and, in such a context, the 344 

identification of a non-negligible time gap between ejecta and sediments deposition is non-345 

unique.    346 

 347 
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5. Eberswalde basin and valley morphology and dynamics 348 

 349 

Given the cross-cutting relationships from Section 4, which indicate that the Eberswalde 350 

fan formed after the Holden impact, the analysis below uses watershed geometry and valley 351 

morphology to constrain processes. These observations are not exhaustive: their goal is to 352 

highlight a few characteristics that can be used in modeling of the sediment infill, to examine 353 

the rates and processes of deposition, and later in the discussion of climatic versus impact 354 

triggers for fluvial activity at Eberswalde. 355 

 356 

5.1  Watershed analysis 357 

 358 

We compare valley networks in the Eberswalde catchment as observed in the HRSC 359 

images, and as automatically detected by DNR hydromod (see section 2). The Holden 360 

northern outer rim is incised by numerous valleys (Fig. 7). Several valleys interconnect to 361 

form a branching pattern debouching into Eberswalde crater and terminating in the fan. 362 

Nevertheless, some valleys are not linked to this pattern, despite being part of the same 363 

watershed. They are discontinuous, lack connection with downstream tributaries, and usually 364 

vanish suddenly. The valley network is also asymmetric: Valley heads are more numerous in 365 

the southern section while large parts of the west and north of the basin are devoid of any 366 

valleys despite having similar slopes and drainage areas. This does not seem to be an issue 367 

of image resolution because a similar asymmetry was observed in higher resolution datasets 368 

such as CTX and MOC. 369 

The area defined by all the mapped valleys is ~5 000 km2. Based on both HRSC and 370 

MOLA topography, the watershed appears to cover a wider area than do the valley networks. 371 

The watershed covers an area of ~12,700 km2. The abrupt end of the watershed to the 372 

western edge of the geographic box is partly due to the DEM limits, but the true limit does not 373 
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extend much more to the west (~30 km) as seen on the MOLA DEM. Automatically detected 374 

valley segments crosscut current topographic lows without any corresponding evidence for 375 

incision in the HRSC images. A similar result is observed from MOLA data, despite the lower 376 

density of the calculated network from this dataset (Fig. 7f). These results show that the 377 

visible valley network did not cover the whole topographic watershed. The fact that valleys 378 

developed in the lower eastern section of the watershed only, and not in the western upper 379 

section, could result from (i) high rates of infiltration into the subsurface, possibly due to the 380 

presence of Holden ejecta; (ii) a geologically brief period of fluvial activity; (iii) an irregular 381 

input of water in the watershed, such as that suggested by the asymmetry in valley heads, or 382 

a combination of these effects; (iv) upper catchment dominated by overland sheet flows until 383 

slope was significant enough to focus into valleys; (v) supraglacial flow in the upper 384 

catchment transitioning to bedrock incision in the lower parts of the catchment. 385 

5.2 Boulders in the inverted channels of the depositional fan  386 

 387 

The geomorphology of Eberswalde’s fan has been studied in detail (e.g., Lewis and 388 

Aharonson, 2006, Pondrelli et al., 2008, 2011, Rice et al., 2011). All studies interpret 389 

topographic high-standing ridges as inverted channels created by differential erosion. These 390 

channels display sinuous and accretionary shapes, usually interpreted as meanders (Malin 391 

and Edgett, 2003). HiRISE images show some of these inverted channels contain meter-392 

scale blocks (Howard et al., 2007, Pondrelli et al., 2008). The presence of boulders in the 393 

quiet depositional environment of a fan is intriguing because on Earth fan deltas are usually 394 

dominated by silt and sand-sized deposits, sometimes gravels (Colella and Prior 1990), but 395 

not boulders. 396 

   Images show that boulders are up to 2 m in size (Fig. 8). They could have formed by 397 

weathering of chemically cemented layers and, in this case, would not be relevant to 398 

understanding the primary depositional environment. However, deposits with boulders are 399 
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strictly limited to well-defined blocky layers separated by non-blocky layers (Fig. 8d). 400 

Sometimes the layering shows alternation of competent blocky layers and finer grained 401 

layers (Fig. 8b, see also Fig. 15c in Pondrelli et al., 2008). 20 m spaced polygons affect the 402 

finer deposits much more easily than the blocky deposits (Fig. 8d) also suggesting a 403 

difference in grain size between the two types of layers. The sharp confinement of boulder 404 

deposits to individual layers (as in Figure 8b, c or d) argues that boulders were fluvially 405 

transported because chemical induration often occurs regardless of the layering. In addition, 406 

it appears that these sinuous channel deposits have been inverted by erosion because of the 407 

presence of boulder-bearing deposits in the uppermost part, perhaps because those layers 408 

are more resistant to erosion. 409 

 The inference that these boulders were deposited in the channel floor has 410 

implications for the channel dynamics. Howard et al (2007) proposed that the boulders could 411 

be transported by normal fluvial flows if the bed material were strongly bimodal, with a 412 

dominant sand or fine gravel bed with a minority of coarse boulders. Nevertheless, some 413 

layers seem to be very boulder-rich (Fig. 8), casting doubt on the idea that they are only a 414 

minor component. In addition, Kuhnle (1993) argues that when the sediment has a strongly 415 

bimodal size distribution, but uniform density, the shear stress to transport boulders is the 416 

same as it would be for sediment composed entirely of boulders. Under such high shear 417 

stress the rest of the sediment would not remain deposited for long, but rapid erosion would 418 

begin even when conditions for the blocks are favorable for deposition (Kleinhans and van 419 

Rijn, 2002, Kraal et al., 2008b).  420 

One solution to this problem is that the flows were dense enough to transport 421 

boulders. Dense flows might occur due to dam breaking, sudden aquifers discharge, or flash 422 

floods. Dam breaking is a possibility due to the observation of an upper depositional area, 423 

before the entry to the canyon that sources the Eberswalde fan (immediately south of the 424 

location of figure 4b). The observations of multiple beds with boulders at different levels of 425 

the deposits would require multiple dams and breaches during the whole fan formation, 426 
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something uncertain given the lack of observations such as multiple terraces, for example, 427 

that could confirm such hypothesis.  Several wide valley heads could also be interpreted as 428 

having been generated by small outflows. Dense flows are discussed in the modeling below. 429 

 A second alternative is that boulders have a low density. Indeed, Holden ejecta would 430 

constitute a huge source of blocks of very diverse size and density. Thus, blocks in channel 431 

deposits can correspond to individual blocks of impact breccia present upstream inside the 432 

Holden ejecta and transported downstream. Ejecta in such huge impacts can be heated 433 

enough to be melted partially or totally, which can create more porous blocks similar to 434 

volcanic pyroclastic rocks or lapillis (e.g. Melosh, 1989). For example, individual blocks of 435 

breccias collected by Apollo missions are between 15% and 25% of porosity (Macke et al., 436 

2011), therefore decreasing their average density. Block entrainment is strongly sensitive to 437 

block density (Kleinhans and van Rijn, 2002). A decrease by ¼ in density of only parts of the 438 

Holden breccia blocks could explain why block entrainment can occur more easily in 439 

Eberswalde fan than in other locations. In any cases, if interpreted as transported boulders 440 

and not as weathering products, the presence of these boulder-bearing channel deposits 441 

require specific conditions including high discharge rates, in the range of 500-1000 m3.s-1 (for 442 

rock density 2650 kg.m-3) as calculated by Howard et al., 2007, light density of blocks, dense 443 

flows to transport blocks, or a combination of these properties. 444 

 445 

5.3 Channel dynamics and sedimentary body growth 446 

By modeling the sediment deposition, it is possible to broadly constrain the rate and 447 

formation time-scale of delta features on Mars (Kraal et al. 2008b, Kleinhans et al., 2010).  448 

The general model presented in Kleinhans et al., 2010 calculates the growth of a 449 

sedimentary body in a crater lake, represented by a low-gradient, subaerial cone on top of a 450 

high-gradient, subaqueous cone. The volume of the cone is constrained by the influx of 451 

sediment while the elevation of the break in slope, i.e. the shoreline, is constrained by the 452 
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influx of water. The parameters that determine which morphology emerges are the supply of 453 

sediment and water to the basin, the size of the basin and the duration of the flow (Kleinhans 454 

et al., 2010). The water and sediment fluxes were calculated with physics-based predictors 455 

based on the feeder channel dimensions and gradient. 456 

The dilute scenario (Fig. 9, left) represents sediment transported by a fluvial flow with 457 

predominantly liquid water. Duration of accumulation to form a deposit with size and shape of 458 

the Eberswalde fan would be two decades. The dense flow scenario (Fig. 9, right) represents 459 

the dense debris flow scenario, i.e. not a dilute flow but a slurry. This scenario forms the 460 

deposit in less than two weeks. The total flux of water and sediment in the dilute and dense 461 

cases are exactly equal at 8.7x104 m3/s. In the dilute case, the flow had 0.05% (Solid:Water 462 

ratio S:W=0.0005) sediment concentration by volume calculated from a semi-empirical 463 

sediment transport predictor for gravel bed rivers, and in the dense case the flow had an 464 

imposed 30% (S:W=0.3) sediment concentration by volume. Here the dense flow is taken as 465 

really dense (S:W=0.3), but flows can be defined as dense for S:W as low as 0.01. Assumed 466 

feeder channel dimensions for the dilute case were 500 m wide, 25 m deep at a gradient of 467 

0.034 with a representative (median) gravel particle diameter of 0.1 m. 468 

The dilute scenario requires the Eberswalde crater to overflow at about 250 m above 469 

the existing fan surface. Observations however, do not show the presence of any overflow, 470 

and, on the contrary suggest a relative stable lake level, as shown, for instance, by the main 471 

fan upper surface, not incised by subsequent episodes. If the crater had no overflow, then 472 

the fluvial flow discharge required to transport the sediment contained in the fan would have 473 

filled up the crater to a much higher level than can be accounted for by the elevation of the 474 

most distal deposits of the fan, whilst the sediment would be deposited as a thin drape on the 475 

crater wall rather than a long delta (Kleinhans et al., 2010). This is because typical sediment 476 

concentrations in dilute fluvial channels are 10-3 to 10-4. The condition of a constant overflow 477 

height for the dilute case is therefore essential. If overflow height varied even slightly, one 478 
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would expect to see delta lobes at very different elevations and perhaps incised delta lobes 479 

as well. Neither are observed. 480 

Two possible alternatives exist to stabilize lake level: infiltration or evaporation. 481 

Infiltration into a permeable crater floor may have occurred, aided by the high permeability of 482 

ejecta deposits. However, infiltration reduces as the subsoil is increasingly saturated. It 483 

would be an unlikely coincidence for the waning infiltration permeability of the crater floor to 484 

be exactly matched by a waning flow discharge or a series of discharge pulses, and this 485 

would have dramatically reduced sediment transport capacity anyway. Results of the dilute 486 

flow modeling predicts that more than half of the fan consists of steep foreset deposits at the 487 

angle of repose, but steep foresets appear to be rare or absent (e.g., Lewis and Aharonson, 488 

2006). The second alternative is a rapid evaporation rate compensating the lake infill. 489 

However, here too, the evaporation must match the inflow of liquid water, but there is no 490 

obvious mechanism to adjust evaporation rates to balance discharge at Eberswalde. Energy 491 

available from insolation would limit evaporation from the lake to 0.1 – 1 m/yr (R. P. Irwin III, 492 

submitted manuscript), a value insufficient to compensate influx in the dilute model.  Overall, 493 

this scenario seems impossible. There is a missing water sink.  494 

The dense flow scenario (Fig. 9, right) does not require an overflow and produces 495 

mostly subhorizontal strata. The dense flow has about one-third of sediment, and two-thirds 496 

of water. This means that the water level in the crater does not rise fast, and the deposit can 497 

prograde far into the crater. The minimum formation time for the deposit is estimated at only 498 

a few days, but such a large fan is more likely built up from several flow events, perhaps 499 

coupled to seasonality, damming, or surges, so that years or decades formative time are 500 

equally likely. Such a dense flow could also explain the presence of the large boulders. 501 

Possible weaknesses of this model are that (1) a trigger is required to cause a dense flow 502 

that is self-maintained (Kleinhans et al., 2005), and (2) that it may be more difficult to explain 503 

the sinuosity of the few meanders observed. Note, nevertheless, that meander formation has 504 
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been debated on Earth for hyperconcentrated flows in China (Xu, 2002, van Maren et al., 505 

2007, van Maren, 2009). 506 

Overall, dense flows match more observations at Eberswalde than do dilute flows, but 507 

do not provide a definitive solution. Only a subset of possible parameter combinations has 508 

been explored, and an intermediate solution may explain better observations. Nevertheless, 509 

the main lesson from this modeling is that water influx from a dilute channel should increase 510 

the water level, contrary to observations of a nearly constant level, and that a dense flow 511 

may solve this issue. 512 

 513 

6. A climatic origin for Eberswalde fluvial activity in the Hesperian? 514 

 515 

6.1 Implications of the chronology 516 

 517 

The estimated age of Eberswalde watershed and lacustrine activity - post-dating 518 

Holden crater, probably in the Late Hesperian - raises the question of the origin of the liquid 519 

water. Fluvial activity is known to have peaked during the Late Noachian and Early 520 

Hesperian (e.g. Carr, 1996, Hynek and Phillips, 2001, Craddock and Howard, 2002, Fassett 521 

and Head, 2008). Younger fluvial activity has been observed at different locations of the 522 

planet, either as local fluvial and lacustrine process in post-Noachian regions such as Valles 523 

Marineris and Tharsis region (Mangold et al., 2004, Quantin et al., 2005, Mangold and 524 

Ansan, 2006, Mangold et al., 2008), in Newton/Gorgonum (Moore and Howard, 2011), in 525 

Xanthe terra (Warner et al., 2010a), several volcanoes (Gulick et al., 1990), local mid-latitude 526 

ejecta blankets (Mangold, 2012), and craters with alluvial fans (Grant and Wilson, 2011), or 527 

as local reactivation of ancient valley networks (Baker and Parkridge, 1986, Ansan and 528 

Mangold, 2006, Bouley et al., 2009, 2010). Nevertheless, the erosion rate has strongly 529 

decreased from a relatively high erosion rate in the Noachian to a very low one in the Late 530 
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Hesperian (Craddock, et al., 1997, 2002, Golombek et al., 2006) suggesting the global 531 

climate had already cooled/dried by the Late Hesperian. The good preservation of Holden 532 

ejecta, as well as its secondaries, indicates limited erosion rate after its formation, and a 533 

correspondingly low rate of fluvial activity compared to more strongly degraded Noachian 534 

craters. 535 

 536 

Whereas fluvial erosion declined in the Hesperian, glacial activity is recognized to 537 

have dominated Amazonian mid-latitudes. The mid-latitudes of Mars feature distinctive 538 

landforms, including ice-bearing mantling deposits and periglacial landforms (e.g., Squyres 539 

and Carr, 1986, Mustard et al., 2001, Mangold and Allemand, 2001, Mangold, 2003, Byrne et 540 

al., 2009, Levy et al., 2009, Hauber et al., 2011) and gullies on steep slopes (e.g., Malin and 541 

Egdett, 2001, Costard et al., 2002, Balme et al., 2006, Mangold et al., 2010). Recently, 542 

sparse, shallowly incised, fresh-appearing valleys were discovered using new imaging data 543 

(e.g. Fassett et al., 2010, Howard and Moore, 2011). In Newton Crater and in Gorgonum 544 

basin the valleys were formed at about the Hesperian to Amazonian transition (Howard and 545 

Moore, 2011), slightly later than Holden formation. These mid-latitude valleys are distinct 546 

from the older, late Noachian valley systems which are deeply dissected, and are generally 547 

of much larger spatial extent (e.g. Craddock and Howard, 2002, Howard et al., 2005, Irwin et 548 

al., 2005, Ansan et al., 2008). An episodic formation has been proposed for these late-stage 549 

valleys. For example, outflow channels formed during Late Hesperian are known to have 550 

released a significant amount of water, increasing the atmospheric water vapor pressure 551 

(Baker et al., 1991) and possibly triggering Late Hesperian valley networks in Valles 552 

Marineris region (Mangold et al., 2008). The Late Hesperian was therefore an epoch during 553 

which fluvial activity existed, but was limited to regional occurrences, with a limited amount of 554 

erosion, and probably with mean annual temperatures below freezing. 555 

 556 

6.2 Hypotheses for a climatic origin  557 

 558 
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 A consequence of dating the fluvial landforms to the Hesperian is that the climate 559 

under which they formed may be cold and dry, possibly as dry as the present day. The fluvial 560 

activity at Eberswalde could have occurred due to transient climatic episodes. Transient wet, 561 

possibly warm, climate episodes could involve (1) episodic melting of snow and ice either 562 

during optimal orbital conditions, (2) intensive volcanism releasing greenhouse gases, (3) a 563 

brief episode of global warming from a large impact somewhere on Mars, (4) reduction of 564 

snow albedo by dark fine-grained impact ejecta or ash, or (5) water release from the outflow 565 

channels in the Xanthe Terra region (Baker et al., 1991; Segura et al., 2002, Howard and 566 

Moore, 2011, Kite et al., 2011a, Grant and Wilson, 2011). The presence of the mid-latitude 567 

mantle immediately south of Holden suggests that snow deposition was common at these 568 

latitudes. Episodic snowmelt subsequently to snow deposition is also possible from local 569 

conditions. Lakes inside Holden (Grant et al., 2008), and also inside Uzboi Vallis south of 570 

Holden (Grant et al., 2011), if they had some open water, could have generated localized 571 

snowstorms as proposed for regional fluvial activity elsewhere on Mars (e.g. Juventae 572 

Chasma, Kite et al., 2011a, b). In such a climatic hypothesis, the limited extent of valleys in 573 

Holden ejecta would be explained by considerable infiltration into ejecta and resultant 574 

downslope emergence of water as runoff at lower elevation. 575 

 576 

In such a cold climate, Eberswalde lake surface would quickly freeze, possibly even 577 

during fluvial infilling. Ice along the shoreline can be a very effective geomorphic agent.  For 578 

example, on Earth, broken ice can be blown by the wind toward the shore, where it can 579 

gouge sediment and raft it up over the shorelines in a processes called ice push (for an 580 

overview see Reimnitz, et al 1990).  In terrestrial lakes and arctic seas, ice push can destroy 581 

previously existing geomorphic features and drive sediment up to 400 m from the open water 582 

shoreline (e. g. Mahoney et al 2004). These processes cause irregular shoreline features, 583 

including shore ridges that vary in elevation (because the process is control by ice push by 584 

wind, rather than surface wave action).  Even permanently ice-covered lakes, such as ones 585 

located in the McMurdo Dry Valleys that also contain deltas, have well-preserved shorelines 586 
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(Hall et al., 2010).  Ice-cover in Eberswalde could have a dramatic effect on shoreline and 587 

fan geomorphology especially in the case of repeated freeze-thaw cycles or thin ice as would 588 

be predicted by the global climate change.  However, shoreline formation and ice-push 589 

effects on Mars may be mitigated by the lower atmospheric pressure on Mars, which 590 

decreases the formation and size of wind-water waves (Lorenz et al. 2005).  On Mars, Moore 591 

and Wilhelms (2001) proposed that features mapped within the Hellas Basin were best 592 

explained by ice-covered lake processes.  Similar features, either strong evidence for open-593 

water or ice-covered shorelines or ice-covered lake morphology as described in the Hellas 594 

Basin, have not been identified in the Eberswalde Basin yet.  595 

A purely climatic origin of the Holden and Eberswalde system of valleys and fans 596 

could have occurred during relatively warm episodes within a globally cold climate. In this 597 

case, lacustrine activity in Eberswalde would be regarded as a transient episodic lacustrine 598 

activity representative of the latest aqueous processes in a cold climate. Any model for 599 

Eberswalde fan formation, including climatic hypotheses, should explain the following 600 

observations: (i) the lack of fluvial erosion on Holden secondaries suggests that the fluvial 601 

activity did not significantly affect the terrains north of Eberswalde crater; (ii) the apparent 602 

limited period of activity of the lake and fan formation questions why this activity was so 603 

restricted in time, instead of being reactivated several times during the past, as would be 604 

expected for quasi-periodic climatic episodes; (iii) a climatic episode should be able to 605 

explain the occurrence of relative dense flows suggested as a possibility by modeling and by 606 

the transport of meter-sized boulders into the river system, which may be a challenge with 607 

only limited runoff from snowmelt. 608 

 609 

7. The role of Holden impact in Eberswalde fluvial activity 610 

 611 

7.1 What mechanisms could link the Holden impact to fluvial activity? 612 
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We have shown that the presence of widespread ejecta of Holden in the whole 613 

watershed plays a role in the fluvial erosion: ejecta are a weak, possibly low-density material 614 

that is easy to erode compared to usual bedrock material and contains abundant boulder-615 

sized breccia blocks. In this section, we speculate that the impact itself could have played a 616 

role in triggering fluvial activity. Impact craters have been invoked in Mars fluvial valley 617 

formation for decades (Brakenridge et al., 1985, Mouginis-Mark, 1987) but a definitive 618 

answer to this question has proved elusive, mainly because of the lack of supporting 619 

observations and detailed models quantifying the coupling between impact energy and fluvial 620 

runoff.  621 

Mechanisms that could connect impacts to fluvial activity include: (1) long-term 622 

hydrothermalism in large craters that struck an ice-rich target (Brakenridge et al., 1985, 623 

Newsom et al., 1996, Abramov and Kring, 2005), (2) release of water from subsurface ice 624 

excavated by the crater as observed around Hale Crater (Jones et al., 2011), (3), short-term 625 

hydrothermal due to warm ejecta blanketing shallow ice, as observed for Sinton Crater which 626 

displays braided fluvial valleys on its ejecta (Morgan and Head, 2009), and observed in less 627 

spectacular fashion for >40 craters of 10-100 km in diameter located in the mid-latitudes 628 

(Mangold, 2012), (4) episodic snow deposition from climatic processes could melt if it lands 629 

on warm crater rims and ejecta, possibly explaining observations at Mojave Crater - Mojave 630 

displays unexplained but presumably impact-associated activity with well-developed gullies 631 

and depositional fans on its inner slope (Williams and Malin, 2008) - or (5) an impact into an 632 

ice-bearing crust that generates temporary climate modifications leading to precipitation if the 633 

impactor is big enough (Segura et al., 2002, 2008, Toon et al., 2010). All these processes 634 

require the existence of ice in the subsurface, or near the surface as snow/ground ice. 635 

Because of its position at 26° S, the Holden impactor may have struck ice-rich ground, as 636 

exists in the mid-latitudes today (e.g., Mangold et al., 2002). Mustard et al. (2001) concluded 637 

that the ice-bearing mantle is present in many locations south of -25°S of latitude in the 638 

southern hemisphere. More equatorial ground ice has also been detected in the outflow 639 
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channel region (Warner et al., 2010a, 2010b). Eberswalde crater is at the northern edge of 640 

this mantle, and could have been covered by snow/ice in the past, especially if obliquity was 641 

higher. 642 

 643 

A 100 km diameter crater creates hydrothermal activity in the crater interior that can 644 

last >100,000 years and can induce lake formation from groundwater (mechanisms (1) and 645 

(2); Abramov and Kring, 2005). This process may explain prolonged fluvial activity on the 646 

inner rims of large craters, (as is observed on the Holden rim), but not valleys observed on 647 

ejecta from >50 km diameter craters where valley heads are observed far from crater rims. 648 

Nevertheless, it is observed that many valley heads (Fig. 7) are located less than 30 km from 649 

the rim of Holden, whereas there is a relative lack of valley heads far away from the crater 650 

rim, suggesting that the proximity of Holden rim did provide favorable conditions for runoff. 651 

Therefore, it seems possible that the heat produced by the impact and released at Holden 652 

rims can contribute to melting ice present at this location. Warm groundwater seepage may 653 

also explain the persistence of a lake in a freezing climate (Newsom, 2010).  654 

Mechanism (3) requires the ejecta to be warm enough for melting water ice, such as a 655 

shallow ice-rich mantle. Episodic deposition of snow on the warm crater (mechanism 4), or 656 

the creation of snow from the impact-related water vapor release to the atmosphere 657 

(mechanism 5), are other alternatives. The latter was proposed initially for impact basins 658 

(Segura et al., 2002), but a 150 km diameter crater such as Holden might be sufficient to 659 

trigger global climatic change (Segura et al., 2008). Regardless of whether or not the Holden 660 

impact was sufficient to cause global climate change on Mars, Kite et al. (2011a, 2011b) 661 

show that simulated lake sizes ~103 km2 (smaller than Holden’s crater floor area) are 662 

sufficient to create a localized snowstorm in a cold/dry background climate that is continuous 663 

as long as the lake surface remains unfrozen. 664 
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There are no good terrestrial analogs to the speed and scale of a basin-forming 665 

impact’s hot ejecta curtain landing on icy target. Hot rock-snowpack interactions like those at 666 

Mount St. Helens are the closest Earth analogs (Pierson, 1997). In experiments with sand-667 

sized grains and relatively low confining pressure, water vapor rising from the pyroclast-snow 668 

interface can fluidize pyroclasts, leading to rapid mixing and destructive lahars (Walder, 669 

2000a, 2000b). Nevertheless, a greater confining pressure (as expected beneath the Holden 670 

ejecta layer) could suppress fluidization (Walder, 2000a, 2000b). A test of these various 671 

hypotheses can be difficult, especially for (4) and (5) which require climate modeling, which 672 

is beyond the scope of this paper. Mechanisms 1 to 3 require, at least, enough ice to enable 673 

melting to generate the water flux observed, enough heat for the water ice to melt, and 674 

enough time for the valleys to form. These points can be tested, as shown below. 675 

 676 

7.2 Thermal effect of Holden impact ejecta 677 

 678 

Large impacts form ejecta deposits around the crater that consist of a mixture of heated 679 

material and can be up to hundreds of meters thick. The Ries impact (Germany) shows 680 

ejecta breccia that experienced heating at >600°C (Engelhardt et al., 1994). In the case of 681 

Holden, the valleys cutting the ejecta show that 100-200 m of ejecta may have blanketed the 682 

surroundings including the entirety of the preexisting Eberswalde crater.  683 

By calculating the thermal effect of such ejecta on the underlying ground, we are able 684 

to find the depth and time window within which a small amount of subsurface ice would melt. 685 

The heat flow equation is solved in a pure conductive case in 1D (e.g. Turcotte and 686 

Schubert, 1982): 687 
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where z is the 1D profile at depth, κ is the thermal diffusivity, A is the source of internal heat 689 

(radiogenic) ρ the volumetric mass, c the specific heat, T the temperature and t the time. 690 

Radiogenic heating is neglected, as is the geothermal gradient (low over <200 m depth) (see 691 

Mangold, 2012 for details). 692 

Conservatively assuming 100 m ejecta initially at 300°C, melting could affect a vertical 693 

ground thickness of about 60 m within roughly 150 years. Assuming a temperature of 600°C, 694 

which is possible at least locally, a column thickness of 120 m of underlying ground would 695 

reach the melting point within roughly 300 years. Assuming thicker ejecta with a high 696 

temperature, as is possible 25 km north of Holden’s rim (see section 3), a column thickness 697 

of 250 m of underlying ground reaches the melting point in 1200 years (Fig. 10).  698 

These calculations provide an order of magnitude for the water release depth and time by 699 

this single process. Typical lifetimes of 100-1000 years from a 100-200 m thick subsurface 700 

layer are indicated (Fig. 10). Such durations seem to be compatible with observations based 701 

on previous studies and our fluvial modeling, despite using a different mechanism (Jerolmack 702 

et al., 2004) (Fig. 9). Thickness can be tested assuming a 5000 km2 watershed (as a 703 

minimum from valley extent). The deposits in Eberswalde fan have a volume of 5 to 6 km3 704 

(Malin and Edgett, 2003) that would have required 60 km3 of water assuming a 705 

sediment:water (S:W) volume ratio of 0.1. A 5000 km2 basin could have generated 706 

approximately 500 km3 of water if the first 100m was nearly-pure water ice, or 250 km3 if this 707 

ice was contained in a 50% porous subsurface. Such a volume is 4 times more than the 60 708 

km3 predicted for a S:W of 0.1. A 4 times lower solid load (S:W of 0.025) seems possible. 709 

However, these estimates are upper bounds. Equation (2) does not consider the latent heat 710 

of melting, which may limit the water available for runoff. In addition, preserved valleys are 711 

widely spaced, so the channel network may not have efficiently drained the entire catchment.  712 

 713 

7.3 Idealized models of post-impact runoff 714 
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In this sub-section, we assume that there was surface ice in the area of the Holden 715 

impact. Holden ejecta would have produced runoff as it melted its way down into the ice. This 716 

runoff could entrain sediment from the overlying ejecta. To explore the consequences for 717 

Eberswalde hydrology, we solve an idealized 1D Stefan problem at each point in the 718 

watershed, and sum the results (Alexiades, 1992). In the following model, we assume that 719 

the surface ice layer is initially very thick, and has a uniform temperature (Ti = 210K) at the 720 

time the ejecta begins to land. Our implementation has two steps. First, we use a 1D Stefan 721 

model to generate a look-up table for melt rate as a function of initial ejecta blanket thickness 722 

(H), initial ejecta blanket temperature (Tej, assumed constant with depth), sediment:water 723 

volume ratio of runoff (S:W), and time t. Second, we sum the 1D column output over the 724 

Eberswalde catchment to find the watershed-integrated discharge, Q. Appendix B gives 725 

details of our implementation. 726 

Two robust results emerge from the integrated discharge model (Fig. 11): (1) Initially 727 

there is a power-law decline in Q that can last <1 – 2 x 103 years, depending on parameter 728 

choices, a timescale consistent with previous results (Fig. 10). The slope of the power-law 729 

decline is always steeper than for any single column in the watershed. (2) Late-stage flow is 730 

provided solely by the annuli close to the rim of Holden, which have the thickest ejecta. As 731 

the temperature of this thickest ejecta temperature approaches the point where continued 732 

melting cannot occur, catchment-integrated discharge shuts down exponentially. 733 

We compared the output to constraints from Eberswalde morphology, finding that 734 

more than enough water is produced by ejecta-melt runoff to fill the crater. The most difficult 735 

constraints for an impact model to match are the need to avoid overflowing the top of the 736 

Eberswalde fan, together with the requirement for large late-stage peak discharge to mobilize 737 

boulders (see section 5). HRSC DTMs show that the volume of Eberswalde’s fan is 5±1 km3, 738 

and the paleolake volume below an estimated paleolake level of -1400m is ~31km3 (~66 km3 739 

below -1350m). Because there is no evidence for an exit breach from Eberswalde crater, 740 

water could only have been removed through infiltration and sublimation/evaporation. As 741 
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noted in section 5, there is no evidence this model does not fit with a constant standing body 742 

of water. 743 

Infiltration is unlikely to accommodate more than 1 crater volume of Eberswalde in the 744 

short time available. We find that if the ejecta temperature is as high as predicted by theory, 745 

then far too much runoff reaches the main fan. This is true even if only 25% of the ice melted 746 

reaches the main fan. To avoid flooding the delta entirely, it is necessary to reduce the ejecta 747 

temperature to about 200°C (Fig. 11). If 100% of melt produced reaches the delta, this gives 748 

a total melt production of 84 km3, or 20 column meters averaged across the catchment (Fig. 749 

11). This melt requirement is consistent with the thickness of regionally extensive past ice 750 

deposits in the Southern mid-latitudes of Mars, which is inferred from pedestal crater heights 751 

to have been ~40m (Meresse et al., 2006, Kadish et al., 2010).  752 

To build a ~5-6 km3 delta from an impact-triggered flow, a moderate dense flow (S:W > 753 

0.06) is therefore required from our modeling. At the lower temperature, the model fails to 754 

produce late-stage discharge that might be required to form the meanders by dilute late-755 

stage flow, but the meanders might have formed in weeks to months in the unconsolidated 756 

material of a fresh dense flow deposit. In addition, if annual-average temperatures were 757 

below freezing, melt would accumulate beneath ice dams and crusts. Discontinuous release 758 

could produce a spectrum of ice-breakout floods (jökulhlaups) of varying sizes as discussed 759 

in section 4.  760 

We conclude that idealized models of Eberswalde catchment response to the Holden 761 

impact can meet many, but not all, of the observational constraints at Eberswalde as 762 

currently interpreted. If Eberswalde’s fan was formed by post-impact runoff, this must have 763 

been by a moderately dense flow. However, we have not thoroughly explored the parameter 764 

space. For example, if the ejecta were hotter near the surface than at depth, as expected 765 

theoretically because of stratigraphic inversion during excavation, this would lead to a more 766 

gradual decay of the meltwater pulses.  767 
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Clear predictions from this model are: (i) Because of the 102 – 103 yr timescale for delta 768 

formation, delta deposition should be roughly continuous, with little to no paleosol 769 

development (except at the top of delta, and the present-day erosion surface). Multiple lobes 770 

within Eberswalde’s basin do not provide evidence for multiple phases of activity, because 771 

multiple lobes can be produced experimentally under constant external forcing (Kim & 772 

Jerolmack, 2008, Hoyal and Sheets, 2009). (ii) Monotonic decline of impact-induced 773 

discharge should produce a fining-upward progression, possibly with debris flows at the 774 

base. (iii) The basal fan sediments should be deposited immediately after Holden ejecta 775 

lands in the Eberswalde basin, leading to low-temperature hydrothermal alteration of the 776 

basal fan sediments. In any model, the exact nature of the sorting pattern of the deposits at 777 

the grain size from micrometers to meters would certainly help to understand hydrology 778 

better, but this would require in situ observations. 779 

 780 

7.4 Role of Eberswalde crater impact ejecta 781 

In the chronology obtained from crater counts and stratigraphic relationships, Eberswalde 782 

crater appears as an old crater strongly modified by fluvial activity (Malin and Edgett, 2003), 783 

and so cannot contribute to the formation of the Eberswalde fan in the same way as Holden. 784 

Nevertheless, this study shows that Eberswalde has undergone two periods of degradation: 785 

A first period due to classical Noachian aged fluvial activity, from which no visible landforms 786 

remain, but can be observed north of Eberswalde, and a second period after Holden ejecta 787 

emplacement. Eberswalde crater has likely been eroded by previous valleys, which may 788 

explain the presence of a well-defined watershed to the west of the crater (Fig. 7). Indeed, 789 

fluvial valleys leading to Eberswalde may be better-developed there because of the pre-790 

existing shape of the topography before Holden formation.  791 

 792 

8. Discussion  793 
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 794 

8.1 Implications for the chronology of events in the Holden region 795 

Whatever the origin of liquid water (atmospheric, near-surface or deep subsurface), 796 

an important consequence of our findings is that the incision of most valleys takes place into 797 

the ejecta of Holden, constraining relative timing. A summary of the Holden region 798 

chronology from our study and past studies is shown in Figure 12.  799 

During the Late Heavy Bombardment, in the Early Noachian, the “Holden basin” - a 800 

larger and earlier impact that the “Holden crater” discussed along our study - and the Ladon 801 

basin formed (Saunders, 1979, Schultz et al., 1982, Werner, 2009). These basins were filled 802 

likely by sedimentary deposits as well volcanic flows during a period of active geologic 803 

processes, including an enhanced hydrological cycle (e.g. Matsubara et al., 2011). 804 

Eberswalde crater formed after these basins formed and were partially filled. Eberswalde 805 

Crater’s smooth shape and shallow depth suggests that it was also degraded by these early, 806 

active infilling processes. Valley networks such as Arda Valles observed north of Holden 807 

crater, but stratigraphically below distal Holden ejecta, formed at the end of this period, in the 808 

late Noachian and beginning of the Early Hesperian (e.g., Fassett and Head, 2008). 809 

Large outflow channels (Uzboï Vallis to the south of Holden, and Ladon Vallis to the 810 

north of Holden) formed episodically in the Late Noachian/Early Hesperian (Grant and 811 

Parker, 2002). All these landforms predate the formation of Holden ejecta. Holden ejecta are 812 

superimposed on most fluvial landforms in the region, but not fluvial valleys leading to the 813 

Eberswalde depositional fan. Valleys and fans draining into possible paleolakes in Erythraea 814 

Fossa, immediately SE of Holden crater, also formed after the Holden impact (Buhler et al., 815 

2011). Uzboï Vallis has a late stage of activity which breached the southern rim of Holden 816 

(Grant et al., 2008). There is no evidence that Uzboï Vallis was continuously filled by water 817 

immediately before and after Holden, and distinct episodes are more consistent with the 818 



  

33 

 

episodic activity of these channels. Recent crater counts show crater retention ages for the 819 

Holden crater fans as late as Early Amazonian (Grant and Wilson, 2011).  820 

 821 

8.2 Implications for Eberswalde sediment and bedrock composition 822 

 823 

Whatever the trigger for fluvial activity at Eberswalde (global climate change, the Holden 824 

impact, or a combination), our results show that the incision of most Eberswalde valleys 825 

takes place into the ejecta of Holden. This observation has major implications for the 826 

composition of sediment delivered to the Eberswalde fan. 827 

Eberswalde’s main fan and crater floor contain phyllosilicates (smectites and chlorites), 828 

formed by alteration in an aqueous regime (Milliken and Bish, 2010, Rice et al., 2011).  On 829 

Mars, most phyllosilicates are Noachian (Bibring et al., 2006, Loizeau et al., 2007, 2010, 830 

Mangold et al., 2007, Mustard et al., 2009). When clays are found in depositional fans, as in 831 

a number of locations on Mars (Ehlmann et al., 2008, Dehouck et al., 2010, Ansan et al., 832 

2011) this may be because of in situ alteration due to long-term warmer/wetter climatic 833 

conditions, or fluvial erosion of clays out of older bedrock. If Eberswalde experienced short-834 

term and late stage formation in the Hesperian, this would suggest that the phyllosilicates 835 

were transported to the fan, rather than being formed in situ. In that case, these minerals 836 

could correspond to phyllosilicates formed by hydrothermal alteration subsequent to the 837 

impact as observed on Earth (e.g. Muttik et al., 2010), suggested for Mars for decades (e.g., 838 

Newsom et al., 1980, Newsom et al., 1996, Newsom, 2010), and possibly observed in 839 

several craters on Mars (Marzo et al., 2009, Mangold et al., 2012a). Smectites and chlorites 840 

are frequently formed in suevite, as they formed at temperatures of 100-200°C - ejecta can 841 

maintain these temperatures for 101-104 years. Alternatively, impact excavation of blocks 842 

from the upper crust previously altered during the Noachian is also possible, such as from a 843 

pre-existing Holden-Ladon basin dating from the Early Noachian (Werner, 2009; Barnhart 844 
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and Nimmo, 2011). In either case, the alteration would not be caused by the short term fluvial 845 

activity or the lacustrine environment inferred at Eberswalde.  846 

 847 

8.3 Holden impact effect versus climatic origin  848 

 849 

Our stratigraphic constraints suggest that the Eberswalde fan formed in a climate interval 850 

much colder than originally suggested (e.g., Moore et al., 2003) . Studies elsewhere on Mars 851 

indicate that the Hesperian was a period during which water was usually frozen (e.g., Carr, 852 

1996). Therefore, local transient forcing such as impacts should be considered alongside 853 

purely climatic processes as potential sources of meltwater. The latter hypotheses are 854 

possible for Eberswalde fluvial flows, but orbital variations such as obliquity changes are 855 

quasi-periodic, which is hard to reconcile with the inference of a single period of water activity 856 

in Eberswalde, unless this period was the last one. Volcanism, gas release during Xanthe 857 

Terra outflow channel formation, or late impacts might have altered the Hesperian climate.  858 

 As an example of climate modification by late impacts, the Holden impact itself likely 859 

triggered a variety of processes inside and around the crater that can explain several 860 

observations on its northern ejecta blanket.  In section 7, ejecta warming and melting is 861 

shown to extend up to several 100s of years after impact. This is consistent with fluvial 862 

modeling, as shown in section 5 and Fig. 9. In these calculations, dense flows with S:W ratio 863 

of typically 0.02 to 0.3 are required to fit mass balance and energy balance constraints. 864 

Section 5.4 also suggests that dense flows might better explain observations of the main 865 

Eberswalde fan than the dilute flows that were favored in previous studies. Because of the 866 

rapid falloff of ejecta thickness with distance from the crater rim, the greater density of valley 867 

heads close to the Holden impact rim is consistent with a role for the impact ejecta in valley 868 

formation.  869 
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Neither the climatic nor the impact-trigger hypothesis can straightforwardly explain the 870 

nearly stable lake level. The presence of highly erodible fractured bedrock (impact breccia), 871 

possibly with lower density, can explain more rapid incision of valleys in the Eberswalde 872 

catchment than in locations with intact bedrock. For valleys draining into Eberswalde, this 873 

would imply higher incision rate, shorter duration of formation and presence of breccia blocks 874 

as well as easily transportable fine grain material. Breccia can also have a high infiltration 875 

rate. Therefore, Holden impact would have played a role in the formation of the Eberswalde 876 

crater fluvial system, at minimum from the accumulation of porous breccia.  877 

Mechanisms that couple impact and climatic triggers for fluvial activity at Eberswalde 878 

are also possible (Segura et al., 2008). Hydrothermal activity associated with Holden-sized 879 

impacts can warm the ground for > 100,000 years, with decreasing amplitude from crater 880 

rims to external ejecta (Abramov and Kring, 2005). A crater lake is inferred inside Holden 881 

crater from the characteristics of layered deposits on Holden’s floor (Grant et al., 2008). A 882 

lake in Holden could have generated regional high water vapor concentrations and other 883 

atmospheric changes favorable for precipitation. Weather systems driven by transient lakes 884 

have been modeled by Kite et al. (2011b) for the case of the outflow channel source region 885 

Juventae Chasma. In this hypothesis (no. 5 in section 7.1), the Holden impact could be the 886 

immediate cause of climate change, or be the passive host for a longer-lived lake. Future 887 

modeling may determine if this hypothesis fits the data better than the modeling of ejecta 888 

warming in section 7. For example, energetic constraints limit sunlight-driven snow-melt or 889 

ice-melt rate to 2-3 mm/hr on Early Mars (Kite et al., 2011a). No such limit exists for impact-890 

triggered runoff. 891 

 Initially, Eberswalde was taken as a well-preserved example of many Noachian 892 

fans. With the younger age found, a question could be: Why does the Eberswalde fan appear 893 

to be unique when compared to other landforms of the same epoch? This applies to both 894 

hypotheses; i.e. globally warmer climate or impact-related melting, because impacts have 895 

continued subsequently to Holden, and because a globally warmer climate should not have 896 
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regionally-limited effects. Assuming an impact-related formation, part of the explanation may 897 

come from the uniqueness of the regional topography: A large crater (Holden) close to a pre-898 

existing basin (Eberswalde) favorable to convergent drainage. We can also speculate that 899 

this uniqueness can be understood if Eberswalde-type fluvial deposits can only form when a 900 

Holden-sized crater strikes a fairly thick ice sheet. Kadish et al. (2010) measure low-latitude 901 

pedestal thickness at 114±53m. If the pedestals correspond to a single paleo-ice sheet of 902 

uniform thickness, then ~18% of the planet is covered with surface ice during low-latitude 903 

glaciations (taking the modern surface ice reservoir of 2.9±0.3 x 106 km3 (Selvans et al., 904 

2010; Plaut et al., 2007), and assuming small loss of water to space since Eberswalde 905 

formed). Assume low-latitude glaciations occur ~1/2 of the time (Laskar, 2004). Then priming 906 

conditions for low-latitude impact-triggered fluvial activity occur for ~1/10 of target cross-907 

section (space x time). Since 3.5 Gy, about 20 x D(181km) craters have occurred on Mars 908 

(Hartmann, 2005, Table 2). This predicts around 2 “Eberswaldes” on the whole planet. Given 909 

that this is a very rough estimate, our opinion is that the apparent uniqueness of Holden is 910 

consistent with this result. 911 

  912 

8.4 Would in situ data from Eberswalde paleolake be still of interest? 913 

Eberswalde crater was proposed for Mars Science Laboratory on the basis of a 914 

prolonged aqueous activity in the early Mars period. A few years ago, few paleolakes were 915 

as well documented as Eberswalde crater, and a landing site at the toe of the fan deposits 916 

was a logical choice early in the MSL site selection process (Grant et al., 2011). 917 

Nevertheless, our study raises doubts on the sustained activity of the paleolake as well as on 918 

its age, changing the scientific rationale for the site. The Martian geologic also record 919 

displays strong evidence for impact-induced fluvial activity – for example at Mojave crater 920 

(Williams and Malin, 2008) and at Sinton crater (Morgan & Head, 2009). It also shows strong 921 

evidence for sedimentary rock formation and perhaps fluvial activity extending over orbital 922 

timescales (e.g., Lewis et al., 2008). It is not clear where Eberswalde falls. If we are to fully 923 
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exploit the paleoclimatic record encoded by Martian fluvial landforms, then the Eberswalde 924 

example shows that better diagnostic tests will be needed in order to distinguish climatic from 925 

impact triggering of fluvial activity. 926 

 The Late Hesperian Epoch during which Eberswalde paleolake was likely active may 927 

have been dominated by episodic activities such as transient snowmelt post-dating the more 928 

intense period of early Mars activity at the time of valley networks formation (e.g., Mangold et 929 

al., 2004, 2008, Kite et al., 2011a,b, Howard and Moore, 2011, Mangold et al., 2012b). 930 

Studying an example typical of this period is still of interest for the understanding of past 931 

Mars, as well as for exobiology, in a well exposed stratigraphy. In the case that the Holden 932 

impact led to regional warning, it would also be able to test hypotheses concerning such 933 

process, as well as collect material from the older pre-Holden basin excavated by the impact.  934 

However, exobiological interest may be limited by the lack of a sustained lake, the lack of 935 

an obvious link with global fluvial activity, and the general cold climatic conditions expected 936 

during this period. Since the first studies of Eberswalde crater (Malin and Edgett, 2003, 937 

Moore et al., 2003), other locations have been studied that suggest more sustained aqueous 938 

activity and so might be more rewarding for in-situ study.  For example, much thicker 939 

deposits (>500 m) are observed in depositional fans of Ismenius Cavus (Dehouck et al., 940 

2010) and in Terby crater (Ansan et al., 2011) with phyllosilicates being also present in these 941 

paleolake deposits. Larger mineralogical diversity has been found in Columbus crater (Wray 942 

et al., 2011) and in Jezero crater (Ehlmann et al., 2008). A higher phyllosilicate abundance 943 

occurs at Mawrth Vallis (Poulet et al., 2008). The evidence discussed in this paper cannot 944 

distinguish between short-lived climate versus impact triggers for the Eberswalde fan-delta. 945 

In either case, Eberswalde crater should be considered as a location typical of relatively brief 946 

late-stage episodes of aqueous activity at the surface of Mars but not as a location optimal 947 

for sampling sustained aqueous activity.     948 

   949 
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  950 

9. Conclusions  951 

The fan deposit in Eberswalde crater, north of Holden crater has been interpreted as 952 

strong evidence for sustained liquid water on Early Mars, during the Noachian period (Malin 953 

and Edgett, 2003). We have shown that the Holden impact is a key to understanding 954 

Eberswalde’s fluvial and lacustrine activity. We find that: 955 

(i) Stratigraphic relationships between Holden crater ejecta and Eberswalde’s fluvial 956 

valleys and depositional fans support the conclusion that Holden formed before 957 

fluvial activity in Eberswalde.  958 

(ii) Crater counts suggest that Holden crater formed probably near the beginning of the 959 

Late Hesperian, setting a maximum age for Eberswalde fluvial and lacustrine 960 

activity. 961 

(iii) Drainage density in the catchment feeding the Eberswalde fan is far from uniform.  962 

Valley heads are especially concentrated close to Holden rim. Valleys are absent 963 

from the western part of the watershed as defined by HRSC topography. Possible 964 

explanations include: infiltration into the subsurface (possibly due to the presence 965 

of Holden ejecta); a short duration of fluvial activity at geological scale; or a 966 

spatially variable water input across the watershed.  967 

(iv) Modeling of Eberswalde fan formation shows that a dilute flow should increase the 968 

water level and overflow the crater, contrary to observations of a nearly constant 969 

level of the paleolake. If flow was continuous, then a flow denser than expected 970 

for sinuous flows (S:W>0.01) is needed to match the data, and could also explain 971 

the putative transport of boulders within the fan. 972 

(v) Any climatic explanation of the fluvial activity at Eberswalde should take into account 973 

formation in the Hesperian, which is thought to be a colder climate than was the 974 

Noachian. This implies that any lake would probably be quickly frozen, and favors 975 

hypotheses for valley formation involving episodic or regional processes (i.e. 976 
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volcanism, impact, unusual orbital forcing). Any hypothesis for fluvial activity at 977 

Eberswalde should explain the apparent limited period of activity of the lake and 978 

fan formation. 979 

(vi) A possible scenario is that the Holden impact could have triggered fluvial activity by 980 

local heating of pre-existing ground ice or surface ice. Ground ice and/or surface 981 

ice are expected at Holden’s latitude during past high obliquity periods.   982 

(vii) The presence of highly erodible fractured bedrock (impact breccia of Holden) 983 

need to be taken into account in modeling work because their low density and 984 

mechanical weakness can explain a formation of valleys much faster here than in 985 

locations with more intact bedrock possible transport of meter-sized blocks of 986 

breccia, as well as a larger infiltration in the substratum. 987 

(viii) Our study shows that the hydrated minerals found in Eberswalde sediments could 988 

have originated by a variety of processes instead of being formed during short-989 

lived lacustrine activity. Indeed, these sediments were transported mainly from a 990 

watershed eroding into Holden ejecta. Hydrated minerals could have been 991 

excavated by the Holden impact from older pre-existing basins, or formed by 992 

hydrothermal activity immediately after Holden formation.  993 

Finally, while the Eberswalde paleolake cannot be used as an indicator for sustained 994 

liquid water during the Noachian period, it is still of great interest for our understanding of 995 

transient liquid water activity on Mars during subsequent periods. 996 
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 1012 

 1013 

Appendix A: summary of the fan model 1014 

 1015 

The model has two independent components. The first is a calculation of flow discharge and 1016 

sediment transport based on semi-empirical laws also used on Earth and summarized in 1017 

Kleinhans (2005). The second component is a numerical code to store water and deposit 1018 

sediment from a source into an impervious crater basin. When the water level in the basin 1019 

rises, the subaqueous part of the deposit has a slope at the angle of repose, typically 0.3, 1020 

whereas the subaerial part of the deposit maintains a fluvial slope, typically 0.01. 1021 

 1022 

 1023 

Appendix A1. Depositional fan and delta model 1024 

 1025 

Kleinhans et al. (2010) present a quantitative morphological model for fan and delta 1026 

formation that assumes as little as possible. The essential characteristic of a fan delta or 1027 

alluvial fan is that sediment is fed into a basin where it is trapped because of the flow 1028 

divergence. The horizontal flow divergence leads to a fan-shaped feature. Vertical flow 1029 

divergence (depth) leads to deposition at the angle of repose. The shape of the alluvial fan 1030 

and fan delta can therefore at first order be described as a relatively simple geometrical form. 1031 

The shape of an alluvial fan can be approximated as an upright cone with a small top angle. 1032 

The shape of the fan delta can be approximated as a truncated cone with a large top angle 1033 

(namely, the subaqueous dynamic angle of repose) and the subaerial fluvial fan on top of this 1034 

truncated cone can again be approximated as a cone with a small top angle similar to that of 1035 

the alluvial fan. The plane where the subaerial cone is deposited on the subaqueous cone is 1036 
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at the water level. This plane is seen as the shoreline on the outside of the fan. The model 1037 

calculates the growth of a sedimentary body in a crater lake, represented by a low-gradient, 1038 

subaerial cone on top of a high-gradient, subaqueous cone without a top (called frustrum). 1039 

 1040 

The setup of the model is as follows. Water and sediment are fed into a crater basin. The 1041 

volumetric flux determines the volume of a fan or delta, which will be idealized with a ‘fan on 1042 

top of a truncated fan’. First, the water and sediment fluxes into the basin are calculated from 1043 

semi-empirical relations applied to characteristics of the feeder channel. Second, a crater 1044 

basin is defined based on empirical relations for crater depth and crater profile as a function 1045 

of crater diameter. Overflow breaches as well as prefilling of craters by volcanic or impact or 1046 

any other material are accounted for. Third, the crater basin is gradually filled with water at 1047 

the estimated flux. Simultaneously, a conical fan is built up with sediment at the estimated 1048 

flux (see A2). When the toe of the fan floods, a gentle-sloped subaerial cone is built on a 1049 

steep truncated subaqueous cone with the intersection at the plane of the shoreline. Thus 1050 

the rising water level of the lake determines the height of the shoreline and, as demonstrated 1051 

in Kleinhans et al. (2010), the general shape of the deposit. 1052 

 1053 

Small-scale morphology, such as crater wall irregularities, concavity of the fan surface and 1054 

channel avulsion, is ignored. The model produces alluvial fans, stair-stepped fan deltas and 1055 

Gilbert-type fan deltas depending on the presence of an overflowing breach in the crater rim. 1056 

The parameters that determine which morphology emerges are the supply of sediment and 1057 

water to the basin, the size of the basin and the duration of the flow. In principle the model 1058 

can be fed with time-varying flow and sediment flux but for the present model runs it was 1059 

kept entirely constant for lack of more information. The model was verified for a square basin 1060 

by an analytical solution for a cone on top of a frustrum. 1061 

 1062 
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The modeled crater basin is assumed be to point-symmetrical and to have a smooth wall 1063 

with increasing gradient. The crater basin depth and profile (i.e. elevation between center 1064 

point and crater rim) are calculated from empirical relations based on MOLA data (Garvin 1065 

and Frawley, 1998). The shape of the crater basin is, however, unimportant, as long as it 1066 

approximates the hypsometry (probability distribution of subaqueous bed surface elevation) 1067 

of the real basin well enough to reproduce the water level rise for a given influx. Alluvial fans 1068 

and fan deltas on Mars commonly occur in craters that have been breached, eroded and 1069 

partially filled in. The above relations must therefore be modified in some cases for our 1070 

model. Specifically, crater rims are often breached, so that the lake will not fill up to the rim 1071 

as modeled with the above equations. This is incorporated as an overflow height (as a 1072 

fraction of depth) above which the water will not rise. In addition, crater basins are often 1073 

partially filled with sediment or rock of fluvial or volcanic origin. In our model this is 1074 

incorporated as a prefilling height (as a fraction of depth). A plane horizontal crater floor is 1075 

then assumed at this height. In the Figure 9, the overflow height (here about 230 m) was 1076 

determined from the DEM as the lowest point in the crater rim and its effect can be seen in 1077 

the dilute flow scenario results as the final water elevation at the delta shoreline (blue dots). 1078 

The prefilling height in the crater (here about 80 m) can be seen in both scenarios as the flat 1079 

horizontal crater floor (bold red line) on which the delta built up, above the smooth idealised 1080 

crater floor. This prefilling height is also the lowest point observed in the DEM and the profile 1081 

derived from HRSC data (green line). Both are accounted for in the numerical model. 1082 

 1083 

A direct comparison between the cone model and HRSC DTM data for five deltas and an 1084 

alluvial fan demonstrates that single-event dilute flows of short duration (days to years) have 1085 

created all of the deposits described in Kleinhans et al. (2010). Two Gilbert fan deltas were 1086 

formed in overspilling crater lakes from long low-gradient upstream channels. One alluvial 1087 

fan was formed in a similar manner except that the damaged crater did not lead to ponding. 1088 
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Three stair-stepped deltas were formed from short high-gradient upstream channels that only 1089 

partially filled the crater lakes.  1090 

 1091 

 1092 

Appendix A2. Flow and sediment transport 1093 

 1094 

The volume of the depositional model is constrained by the influx of sediment whilst the 1095 

elevation of the break in slope, that is, the shoreline, is constrained by the influx of water. An 1096 

impressive number of physics-based and semi-empirical relations for flow and sediment 1097 

transport have been developed over the past two centuries, indicative of the limited 1098 

understanding of turbulence and flow of water–sediment mixtures. The various equations 1099 

and their limitations are described extensively in Kleinhans (2005) and one recommended 1100 

combination is used to calculate flow conditions and sediment transport rate in a spreadsheet 1101 

provided online with the Kleinhans et al. (2010) model paper.  1102 

 1103 

The flow conditions can be calculated from the upstream channel characteristics width, depth 1104 

and gradient. The hydraulic roughness is, in the absence of bars and subaqueous dunes, 1105 

assumed to be related to the size of typical clasts found on Mars (Kleinhans, 2005). We use 1106 

a median grain size of 0.1 m and a 90th percentile size of 0.6 m diameter. The main 1107 

uncertainties are the hydraulic roughness and the flow depth, particularly where the flow may 1108 

have been lower than bankfull. The uncertainty of flow discharge is estimated conservatively 1109 

at a factor of 5 (Kleinhans, 2005). We assume that the crater basin is entirely water-tight and 1110 

no significant evaporation takes place, so that all flow discharge is captured and retained.  1111 

 1112 
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Evaporation can safely be ignored (Kleinhans et al. 2010). From experiments and the well-1113 

known Ingersoll equation Sears and Moore (2005) found that evaporation in the present 1114 

atmospheric conditions is 0.73 mm/h or 1.7×10−5 km/day. They calculate that an air 1115 

temperature rise of 20°C increases the evaporation a factor of 2; a wind speed of 10 to 15 1116 

m/s increases evaporation a factor of 10; and evaporation decreases a factor of 10 for a ten-1117 

fold increase of air pressure. Even if an evaporation rate two orders of magnitude larger than 1118 

calculated above is assumed, say, ~10−3 km/day or ~10−1 km/year, then the water loss from 1119 

crater lakes by evaporation is still an order of magnitude smaller than the influx. Given that 1120 

the flow discharge is only accurate within a factor of five, and that the delta shape resulting 1121 

from a particular water–sediment ratio is not very sensitive, this effect can be ignored 1122 

(Kleinhans et al., 2010). 1123 

 1124 

A related issue to water loss by evaporation is a ‘leaky cauldron’ process: the crater floor 1125 

may leak to some extent and the surrounding aquifer could accommodate the flow so that in 1126 

extreme conditions the crater basin never has ponding water. However, the aquifer below 1127 

crater floors may be expected to saturate quickly, after which the groundwater outflow is 1128 

much slower than the fluvial inflow. Thus the leaky cauldron process is limited to the initial 1129 

phase only where it may delay the onset of flooding the alluvial fan toe. 1130 

 1131 

The sediment transport rate is calculated from the flow conditions and assumed sediment 1132 

characteristics (Kleinhans, 2005). The transport rate is calculated as volumetric including 1133 

pore space, which is assumed to be 0.2 for poorly sorted sediment. As there are very few 1134 

particle size distributions available for Mars, we have to assume that distributions based on 1135 

particle recognition and measurement in lander images are representative (see Kleinhans, 1136 

2005, for discussion). The main uncertainties stem from this unknown particle size 1137 

distribution, the modeled flow conditions and the intrinsic uncertainty of sediment transport 1138 
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predictors of at least a factor of 2. Hence the uncertainty of sediment flux is estimated 1139 

conservatively at a factor of 10 (Kleinhans, 2005). The sediment transport predictors assume 1140 

dilute flows, that is, low sediment concentrations that are entrained by an initially clear water 1141 

flow. We used the classical Meyer-Peter & Mueller predictor for bedload transport, where the 1142 

dominant mode of particle motion is sliding, rolling and saltating. An alternative option is to 1143 

assume dense flows with high sediment concentrations of up to about 30% by volume. A 1144 

dense flow implies that either an initially dilute flow exceeded the tremendous flow velocities 1145 

necessary to cause massive suspension, or that sediment was supplied en masse to a flow 1146 

from, e.g., a debris flow or other forms of mass wasting to the channel (Kleinhans 2005). A 1147 

copy of the code used to generate these results is available from M.G.K. 1148 

  1149 

 1150 

Appendix B: Summary of the idealized model of post-impact runoff  1151 

 1152 

Appendix B1. Generation of a lookup table for 1D column melt rate. 1153 

 1154 

The initial condition for the idealized 1D Stefan model of melt production is 1155 

instantaneous emplacement of a hot ejecta layer of thickness H and uniform temperature Tej 1156 

over a cold ice layer of infinite thickness.  1157 

 We use a coordinate system that keeps the interface at (vertical coordinate) z=0. The 1158 

interface moves downwards relative to the geoid as melting proceeds. Within each layer, 1159 

Crank-Nicolson scheme is used to calculate advection and diffusion of material properties 1160 

(temperature and density) relative to the interface. A Stefan boundary condition is imposed at 1161 

the interface, giving the rate of melting (Q) of the ice. For a given model run, the 1162 
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sediment:water ratio of runoff (S:W) is fixed – the ice melt rate specifies the rate of 1163 

entrainment of ejecta by the meltwater produced at the interface.   1164 

The most significant assumptions and simplifications in this model are as follows. (i) 1165 

The interface between the ejecta layer and the ice layer is smooth; (ii) meltwater production 1166 

is steady and there is no attempt to model explosive molten fuel-coolant interactions; (iii) no 1167 

water vapor is produced; (iv) sediment and water runoff is assumed to be removed from the 1168 

column as soon as it is produced at the interface – it does not pond at the interface nor does 1169 

it flow through the ejecta layer; (v) Tej  is uniform with depth within the ejecta blanket. 1170 

Ejecta (the top layer) has density ρej = 2500 kg/m3, specific heat capacity Cp,ej = 840 1171 

J/°C/kg, and thermal conductivity 1.7 W/m/°C. Ice (the bottom layer) has ρi = 910 kg/m3, Cp,i 1172 

= 1751 J/°C/kg, thermal conductivity 2.5 W/m/°C, and latent heat L = 3.34 x 105 J/kg. The 1173 

interface between ejecta and rock is assumed to be buffered at the melting point Tm = 0 °C. 1174 

We carried out a parameter sweep with H ranging from 25-400 m, S:W ranging from 0.005-1, 1175 

and Tej ranging from 0°C to 1000°C. Values of Tej  close to 0°C do not produce meltwater 1176 

because heat is conducted into the ice away from the interface.  1177 

The parameter sweep shows that the model has two endmember behaviors. For 1178 

small S:W, the model output approximates half-space cooling of the ejecta by the melting ice, 1179 

accelerated by conductive loss of heat through the top of the ejecta. In this limit, discharge Q 1180 

∝ t-0.5. As sediment:water ratio increases, removal of ejecta by melted ice becomes 1181 

important. Positive feedback between erosional mining of heat from the ‘warm core’ of the 1182 

ejecta blanket, and increased thermal erosion, leads to an increase in the melt rate (Kite et 1183 

al. 2011a) and a shallowing of the fall-off of Q with t. Provided that the Stefan number 1184 

exceeds one (St = Tej Cp,ej / ( L + Cp,i (Tm - Ti) ) ), giving St > 1 for Tej > 530°C), a thermal 1185 
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runaway occurs in the debris flow limit (S:W � ~1), with very rapid erosion of the majority of 1186 

the ejecta blanket by meltwater. 1187 

 1188 

Appendix B2. Summing 1D model over the Eberswalde catchment. 1189 

 1190 

To sum the 1D column output over the Eberswalde catchment, we need to know H and Tej  at 1191 

each point in the watershed. We use the semi-analytic Rayleigh-Z ejecta model to find H as a 1192 

function of distance from Holden. This assumes an axisymmetric distribution of ejecta. Our 1193 

approach closely follows Barnhart et al. (2010) and Barnhart & Nimmo, (2011).  Crater radius 1194 

was set to 77.5km, and impact velocity to 7 km/s. Predicted H with this Rayleigh-Z method is 1195 

comparable to the McGetchin et al. (1973) lunar scaling. The Barnhart et al. (2010) and 1196 

Barnhart & Nimmo, (2011) equations and parameters can also be used to find Tej , assuming 1197 

that the shock-heated rock temperature is also the temperature of the ejecta. For a crater of 1198 

Holden’s size, the predicted ejecta temperatures are very high, and are sensitive to the 1199 

exponent of peak-pressure falloff (Barnhart et al., 2010). It is necessary to reduce Tej  to ≤ 1200 

600°C to produce a reasonable match to observations. This might correspond to either (1) 1201 

unrealistically high temperature predictions from the Rayleigh-Z parameterization, or (2) loss 1202 

of ejecta thermal energy to atmospheric heating, atmospheric shocks, and water vapor 1203 

production.   1204 

We use the Rayleigh-Z H and a fixed Tej to interpolate within the look-up table for the 1205 

appropriate Q(t) and sum the results. The sum is then weighted by the area of the 1206 

Eberswalde main fan catchment within annuli concentric on the center of Holden Crater. To 1207 

find these areas, we used a catchment corresponding to the convex hull of the largest 1208 

channels draining into the Eberswalde main fan. (The HRSC and MOLA topographically-1209 

defined watersheds are more extensive than the convex hull of the largest channels, and so 1210 

produce more runoff when used to drive the model. However, given the lack of visible 1211 
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channels in the added region, it is not clear whether they did in fact contribute runoff to 1212 

Eberswalde’s fan). 1213 

A copy of the code used to generate these results is available for unrestricted further 1214 

use from E.S.K. 1215 

 1216 

 1217 
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 1589 

Tab. 1: Crater frequencies and their model absolute ages for lower boundaries of 1590 

Martian epochs at specific crater diameters in cumulative numbers. For the fits 1591 

different size-frequency distribution shapes were used: (a) a minus-two-slope power 1592 

law as in Werner and Tanaka (2011), (b) the description by Ivanov (2001), and (c) a 1593 

cumulative version of the description by Hartmann (2005). The age is derived from 1594 

the chronology model of (b) Ivanov (2001), and (c) derived from Hartmann (2005). 1595 

The anchor points are printed in bold. Epochs boundary defined from N(5) and N(16) 1596 

not shown here. See Werner and Tanaka (2011) for details. 1597 

 1598 

 Model ages (Ga) N(1) N(2) 

Epoch boundaries b c a b c a b c 

Mid-Late 

Amazonian 

0.39 0.23 160 160 160 40 24 33 

Early-Mid 

Amazonian 

1.45 0.88 600 600 600 150 88 122 

Hesperian–

Amazonian 

3.46 3.00 2100 2100 2100 525 309 427 

Early-Late 

Hesperian 

3.65 3.40 3125 4050 3067 781 597 624 

Noachian–

Hesperian 

3.74 3.57 5000 6481 4097 1250 955 998 

Mid-Late 

Noachian   

3.86 3.85 25600 12667 19315 6400 1866 3930 

Early-Mid 

Noachian 

3.97 3.96 51200 25334 38630 12800 3733 7859 
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 1607 

Fig. 1: Holden and Eberswalde location on global MOLA map (a). (b) Broad context 1608 

from a combination of THEMIS daytime mosaic and HRSC nadir images with MOLA 1609 

altimetry in color. (c) Detail of HRSC mosaic over Holden and Eberswalde craters. 1610 

 1611 

Fig. 2: Holden and Eberswalde morphological mapping. (a) THEMIS daytime mosaic 1612 

for context. (b) Map of Holden ejecta and fluvial valleys. Ejecta boundaries are 1613 

defined using observations of megabreccia and rays/grooves on the continuous 1614 

ejecta blanket centered on Holden. North is up. 1615 

 1616 

Fig. 3: (a) HRSC mosaic of Holden northern ejecta (see box in figure 1). Dashed lines 1617 

labeled “CEB” correspond to continuous ejecta boundary. (b) to (f) Close-up on 1618 

Holden ejecta with megabreccia in MOC images S14-02902 (b), R12-03627 (c and 1619 

d), R16-01387 (e), HiRISE images PSP 03222_1565 (f) and PSP 002233_1560 (g). 1620 

(g) is located inside Eberswalde depression with a sinuous inverted channel covering 1621 

breccia blocks unit. S: secondaries. B: breccia blocks. North is up. 1622 

 1623 

Fig. 4: Crosscutting relationships between Eberswalde feeding valleys and ejecta. (a) 1624 

HRSC image orbit 4199 of part of the Eberswalde fan watershed. Dotted lines 1625 

indicate approximate boundary of Eberswalde ancient crater rim. (b) HiRISE image 1626 

ESP13599_ 1560 close-up one of the main channel showing erosion cut through 1627 

brecciated unit. (c) MOC image R1500025 close-up of channel and a crater showing 1628 

brecciated unit in the bedrock (d) MOC image R1601387 of the main tributary before 1629 

reaching Eberswalde fan showing erosion through brecciated unit. Valley depth here 1630 

reaches 150 m showing ejecta thickness may reach 150 m in. B: Largest breccia 1631 

blocks. North is up. 1632 
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 1633 

Fig. 5: Crosscutting relationships between Holden secondary craters and ancient 1634 

valley networks. HRSC close-up (orbit numbers 2493 and 0511) of three areas where 1635 

chains of secondaries have impacted former valley networks (a and b) and a large 1636 

valley connecting to Ladon basin (c). North is up. See boxes in figure 1 for context. 1637 

 1638 

Fig. 6: Crater counts of northern Holden ejecta blanket and interior using HRSC and 1639 

CTX images. Left: Incremental plot on Hartmann isochrons. The red point 1640 

corresponds to the 16 km diameter crater (Crater Bigbee) on the rim of Holden. Right: 1641 

Same count plotted in Neukum’s system with interpolated model age obtained using 1642 

craters >700 m for Holden ejecta and >1.4 km for Holden interior. 1643 

 1644 

Fig. 7: (a) HRSC images on Eberswalde and NW Holden ejecta (#7233 on the left, 1645 

#4310 on the right). Same extent as figure 3a. (b) Map of valley networks on NW 1646 

Holden ejecta from manual mapping. (c) HRSC DEM on Eberswalde and NW Holden 1647 

ejecta with a spatial grid of 60 m.pixel-1 (d) Map of valley networks on NW Holden 1648 

ejecta performed by semi-automatic DNR HYDRO software using HRSC DEM (e) 1649 

MOLA altimetry on Eberswalde and NW Holden ejecta. Contour interval 100 m. (f) 1650 

Map of valley networks on NW Holden ejecta performed by semi-automatic DNR 1651 

HYDRO software using MOLA DEM. 1. Contour lines spaced of 100 m, 2. Boundary 1652 

of impact craters, 3. Valleys, 4. Watershed divide, 5. Eberswalde delta, 6. Eberswalde 1653 

paleolake with a level at -1300 m in elevation taken as an uppermost lake elevation 1654 

from the fan deposits elevation. CEB: Continuous ejecta boundary. 1655 

 1656 

 1657 
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 1658 

Fig. 8: Close-ups on Eberswalde fan deposits. (a) CTX image P01_001336_1560 1659 

showing an overall view of the fan (b) to (e) Close-ups from HiRISE image 1660 

PSP_1534_1560. Individual channel deposits can be seen with block deposits (BD) 1661 

corresponding to channel fill strata intercalated with finer grained sediments. Note 20 1662 

m wide polygons cross fine-grained sediments but not coarser deposits.. 1663 

 1664 

Fig. 9: Fan delta model scenarios for the Eberswalde setting, showing cross-sectional 1665 

profiles of the entire crater with the true and modeled deposit (top graphs, magnified 1666 

in middle graphs) and the time-evolution of the modeled fan (bottom graphs). 1667 

Modeled crater (drawn in red) approximates the hypsometry of the real crater (in 1668 

green). Measured profiles are shown along the central axis of the deposit (green) and 1669 

30o left and right of the axis from the fan apex (blue and red). The modeled delta 1670 

deposits are drawn (straight black lines) for some time steps at the prescribed angles 1671 

of the fluvial topset and deltaic foreset, and blue dots at their intersections are 1672 

shoreline positions. Time series (bottom graphs) show shoreline position (delta width) 1673 

normalized by crater diameter D and water level above the crater floor normalized by 1674 

the crater depth d. For the dilute flow scenario (left) the lake water level is determined 1675 

by an imposed overflow level and most of the water influx escapes from the lake. For 1676 

the dense flow scenario (right) the lake water level is determined by the water and 1677 

sediment influx and the event duration. See Appendices for details.  1678 

 1679 

Fig. 10: Top: Cooling of a 100 m thick ejecta (dotted line) with initial temperature of 1680 

300 °C. Results show that a ~60 m thick substratum can be heated above water 1681 

melting point in ~150 years. Middle: Cooling of a 100 m thick ejecta (dotted line) with 1682 

initial temperature of 600 °C. Results show that a ~120 m thick substratum can be 1683 

heated above water melting point in ~300 years.  Bottom: Cooling of a 200 m thick 1684 
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ejecta (dotted line) with initial temperature of 600 °C. Results show that a ~240 m 1685 

thick substratum can be heated above water melting point in ~1000 years. See 1686 

Mangold (2012) for explanations. 1687 

 1688 

Fig. 11. Output from a 1D column Stefan model of ejecta melting of water ice in 1689 

Eberswalde’s catchment. Solid black line corresponds to the cumulative discharge 1690 

across the main Eberswalde fan, from a model run with ejecta average temperature T 1691 

= 200°C. The dotted line corresponds to the water volume in the lake with a combined 1692 

loss rate (sublimation + infiltration) of 0.1 m/yr from a 600 km2 lake surface (8 W/m2 if 1693 

all sublimation).  The dashed line corresponds to the water volume in the lake with a 1694 

combined loss rate of 1 m/yr (80 W/m2 if all sublimation).  The thick gray horizontal 1695 

lines correspond to the volume needed to fill Eberswalde to two threshold elevations: 1696 

-1400m (approximately the base of the main Eberswalde fan), and -1350m (most of 1697 

the way up the main Eberswalde fan). 1698 

 1699 

Fig. 12: Summary of the chronology obtained in this study, including ages proposed 1700 

by Schultz (1982), Grant and Parker (2002), Werner (2009) and Grant and Wilson 1701 

(2011) for landforms not focused in the present study (Uzboï, Ladon, Holden basin). 1702 

Absolute ages according Ivanov (2001) model in bold and Hartmann (2005) in italic. 1703 

EN/ Early Noachian. MN: Middle Noachian. LN: late Noachian. EH: Early Hesperian. 1704 

LH: Late Hesperian: EA: Early Amazonian. 1705 
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Highlights: 1706 

Valleys feeding the Eberswalde fan crosscut Holden impact crater ejecta blanket. 1707 

Holden crater formation likely postdates the Early Hesperian. 1708 

Modeling shows Eberswalde fan can form at a geologically rapid rate. 1709 

The role of Holden crater in Eberswalde fluvial activity is highlighted. 1710 

 1711 

 1712 



  

Figure 1

http://ees.elsevier.com/icarus/download.aspx?id=123163&guid=bd7f86dd-1102-4f3e-b385-9fe62b7d4e1c&scheme=1


  

Figure 2

http://ees.elsevier.com/icarus/download.aspx?id=123155&guid=9b8dbb0f-ccc6-4d7d-bcd7-655f4c7ab176&scheme=1


  

Figure 3

http://ees.elsevier.com/icarus/download.aspx?id=123164&guid=66d3b8e0-7e3d-4add-95df-ae5f397fa3e5&scheme=1


  

Figure 4

http://ees.elsevier.com/icarus/download.aspx?id=123156&guid=3f85be22-45b1-4470-baf2-7be41ecf813d&scheme=1


  

Figure 5

http://ees.elsevier.com/icarus/download.aspx?id=123777&guid=275c844e-f3f6-45ec-81c8-cd5358d547d4&scheme=1


  

Figure 6

http://ees.elsevier.com/icarus/download.aspx?id=123778&guid=a83a5b2a-d6f3-4e6e-aa04-d6ac990dbd75&scheme=1


  

Figure 7

http://ees.elsevier.com/icarus/download.aspx?id=123158&guid=3f7fd6b7-4a00-4ec9-8d01-5c78a43ee47b&scheme=1


  

Figure 8

http://ees.elsevier.com/icarus/download.aspx?id=123166&guid=264b55d8-fd7b-4e65-a8c1-e8ddbffaf560&scheme=1


  

Figure 9

http://ees.elsevier.com/icarus/download.aspx?id=123159&guid=3bef55bc-de00-4a35-8d36-68cb6d5ad0f1&scheme=1


  

Figure 10

http://ees.elsevier.com/icarus/download.aspx?id=123160&guid=53ef5c6b-3772-4311-84a8-7750f084e177&scheme=1


  

Figure11

http://ees.elsevier.com/icarus/download.aspx?id=123161&guid=5975e390-3e0e-4933-9877-38761cd7d133&scheme=1


  

Figure 12

http://ees.elsevier.com/icarus/download.aspx?id=123779&guid=c0dd7b26-396b-453a-b762-222e86684808&scheme=1



